The goal of the AEḡIS experiment at the Antiproton Decelerator (AD) at CERN, is to measure directly the Earth's gravitational acceleration on antimatter by measuring the free fall of a pulsed, cold antihydrogen beam. The final position of the falling antihydrogen will be detected by a position sensitive detector. This detector will consist of an active silicon part, where the annihilations take place, followed by an emulsion part. Together, they allow to achieve 1% precision on the measurement ofḡ with about 600 reconstructed and time tagged annihilations. We present here the prospects for the development of the AEḡIS silicon position sentive detector and the results from the first beam tests on a monolithic silicon pixel sensor, along with a comparison to Monte Carlo simulations.
Introduction
. The silicon detector will provide online measurement and diagnostics of the antiproton 23 annihilations as well as the necessary time of flight information. 24 The aim of the present study is to perform the first measurement and direct detection of slow 25 antiproton (∼ few 100 keV) annihilations in silicon. This is the first step towards understanding the 26 signature of antihydrogen annihilations, which is one of the most fundamental aspects of designing -2 -a silicon position sensitive detector for AEḡIS. To our knowledge, only in one other experiment 28 annihilations in a silicon sensor were directly detected and simulated [14] . However, much faster 29 antiprotons were used in that study (608 MeV/c) than in the study presented here. 30 2. Development of the silicon detector for AEḡIS 31 In AEḡIS, the silicon detector will act as the annihilation surface. Kinetic energy of the antihydro-32 gen atom will be insufficient to generate a detectable signal, so the antihydrogen will be indirectly 33 detected through the detection of the annihilation products. We will now present available exper-34 imental data on the annihilation process of antihydrogen (antiprotons) in matter and the available 35 Monte Carlo tools for its simulation. This constitutes the basis for the design of the AEḡIS silicon 36 detector, which will be presented in 2.3. 37 2.1 Annihilation of antiprotons in silicon 38 The annihilation process of antihydrogen in matter is similar to the one of an antiproton as the 39 positron annihilates immediately when meeting an atomic electron. Previous experiments at LEAR 40 [15] have studied annihilations of antiprotons in elements with different Z. In this process, the an-41 tiproton loses energy as it traverses matter and annihilates with a proton at rest creating charged 42 (1.53 ± 0.03 per annihilation per charge sign) and neutral pions (1.96 ± 0.23 per annihilation). For 43 elements with atomic numbers >1 the average ratio is shifted towards producing more negatively 44 charged pions, due to the possible annihilation of the antiproton with nuclear neutrons. The pions 45 produced in the annihilation may further interact with other nucleons resulting in nuclear frag-46 ments and isolated neutrons and protons. For silicon, the stopping power of the lowest incoming antiproton energy so far measured (0.188 MeV) shows to be 32% lower than for protons [16] . 48 Antimatter annihilation has been detected with silicon sensors previously [17] , through the 49 detection of pions emitted in the annihilation process. However, in our present application, for the 50 first time the antiproton annihilates with a nucleon in the bulk of the detector itself. These pions are 51 Minimum Ionizing Particles (MIPs) depositing ∼ 0.3 keV/µm [18] in matter, a negligible fraction 52 compared with their average momentum of ∼ 350 MeV/c [19] . 53 When the annihilation takes place on-sensor, the largest fraction of deposited energy is due 54 to the heavy fragments. These fragments are Highly Ionizing Particles (or HIPs). Energy deposits In the present work we compare data with Monte Carlo simulations, using GEANT4, release 62 4.9.5.p01, interfaced with VMC (Virtual Monte Carlo) software, release v2-13c [21] . Two par-63 ticular GEANT4 models were studied, CHIPS (QGSP BERT) and FTFP (FTFP BERT TRV). The CHIPS (CHiral Invariant Phase Space) model [22] is a 3D quark-level event generator for Table 1 shows a comparison of experimental values obtained for 12 C and 40 Ca, the two el- mounted on a silicon mechanical support wafer, hosting the readout electronics. This system will 88 provide with the one-dimensional vertical (y) deflection information, though an approach based on 89 resistive strips, able to provide the x coordinate as well, as demonstrated in [26] , is currently under 90 study.
91
A further requirement of the silicon detector will be a thickness, in the active regions, of 50 92 µm. This will allow to minimize the scattering of annihilation products, detected further down-93 stream by the emulsion detector, allowing for a precise vertex reconstruction. To achieve the goal, 94 thick support ribs will guarantee the mechanical stability of the system, with size and position of 95 the ribs being optimized as to allow for the maximum efficiency of the detector in areas were a 96 higher beam luminosity is expected.
97
Finally, in order to avoid the black body radiation coming from the detector to increase the 98 antiproton plasma temperature (which would increase the thermal velocity of the antihydrogen), 99 the whole detector system will be kept at cryogenic temperatures (77 K or lower). This will re-100 quire the electronics to be designed for such conditions. The feasibility of operation of standard for 12 C and 40 Ca, the two elements closest to silicon. Energy refers to the kinetic energy of the annihilations products. These measured values are compared with the simulated values for calcium, carbon and silicon using the two GEANT4 models, CHIPS and FTFP. FTFP describes the data obtained with protons better than CHIPS, while CHIPS seems to be a better description for ion species with higher atomic numbers and higher energies.
(enabling the readout of ∼3000 strips) and a wider dynamic range, to cope with the high energy deposited in the sensor from the annihilation events.
Given the complex nature of the annihilation process, Monte Carlo simulations will be required 106 to validate reconstruction algorithms to be implemented in the final system. Part of the aim of the 107 present work is the validation of the available simulation physics model, in the particular case 108 of direct annihilation in a silicon sensor, with data available for the first time for low antiproton tions, we covered 2/3 of the detector surface with three very thin aluminum foils (3, 6 and 9 µm).
The foils were suspended parallel to the detector surface at a distance ∼ 5 mm by means of three 144 thin copper wires with a gauge of 300 µm, also running on the part not covered by the foils. shutter and a continuous read-out with no dead-time: in AEḡIS, impinging particles were identified 151 by processing the difference between the frame containing the antiproton spill and the previous one 152 (differential mode).
153
The MIMOTERA has been designed to be virtually unaffected by cross-talk, in virtue of the 154 presence of multiple readout diodes for each pixel. More details can be found in [31, 32] . The MIMOTERA was designed for the profilometry of radiotherapy beams applications for which 159 no exact knowledge of the deposited energy is required. Therefore, to determine the amount of 160 energy deposited in the detector, the response of the MIMOTERA was calibrated using a red laser 161 source (λ = 660 nm).
162
The laser light, coming from a custom laser diode assembly at CERN, was directed by means 163 of a fiber-coupled focuser onto the aperture window of the detector. A 5 ns pulsed signal was used 164 to trigger both the laser diode and the MIMOTERA DAQ, which was operated at 2.5 MHz.
165
To obtain an absolute value for the number of free carriers generated with the laser, the same The single pixel noise in the experiment was measured to be 30.3 keV, with fairly low non-184 gaussian tails ( fig. 11 ).
185
The single pixel energy distribution is shown in fig. 12 , before and after subtracting the noise MeV) have a dE/dx 2 keV/µm, (see fig. 3 ). This could possibly explain the peak observed at ∼30 190 keV. More detailed studies in this energy region will be performed in the future beam tests using 191 detectors with higher sensitivity to low energies.
192
The complex nature of the annihilation process (see sec. 2.1) was not known and we had no 193 estimation on how much of the energy would be deposited away from the annihilation point, for 194 instance when a high energy particle creates a long track and deposits its energy in a Bragg peak 195 several pixels away. However, having a thin detector would naturally reduce this contribution. 196 We thus developed a clustering routine tailored to our case. Particles impinging or annihilating 
Results

206
The annihilations produce clusters of fired pixels in different shapes and values of deposited energy, 207 up to 20 MeV (see fig. 12 ). As many as 20 pixels can be included in a single cluster and some 208 annihilations show one or more tracks coming in from the cluster centre in all directions, in a star 209 shape. Table 2 shows the ratios between the number of clusters in shadowed 231 and unshadowed rows for different cluster sizes. While the contamination for single pixel clusters 232 is at the 16.0% level, it drops to the 7% level for larger clusters. vergence from the antiproton flux. This constrast ratio also represents the contamination limit for 235 particles different from antiprotons. Any further cut on the number of pixels doesn't introduce any Figure 21 . Fraction of annihilations on the sensor parts covered with different thicknesses of Al foil. This analysis is performed only with clusters consisting of more than 3 pixels. significative improvement, while reducing the statistics. Fig. 13 .c shows a sample frame after the 237 cut on single pixel clusters, and fig. 15 shows the effect of this cut on the cluster energy distribution.
238
For the reasons exposed above, a more detailed analysis on the energy and size of the clusters 239 and comparison with simulations will only be shown for the sample with highest purity, i.e. the 240 one composed by clusters with at least two pixels. The additional Al foils covering the detector were used to study the energy loss of antiprotons 266 in silicon. To be sure to study antiprotons which annihilated inside the silicon, we counted clusters 267 with more than 3 pixels only. This cut removes not only single pixel clusters from particles annihi-268 lating in the foils or elsewhere in the apparatus but also excludes the rare case where a secondary 269 particle passes at the intersection of 2 pixels. Since we have shown that data taken with the two Measuring track lengths and dE/dx proved to be a useful method to identify some of the anni-277 hilation products travelling in the silicon detector. Given the small thickness of the MIMOTERA 278 active region, products traveling in the detector plane were scarce. However, we were still able to 279 distinguish 21 clusters having one, two or three ion tracks.
280
To identify the annihilation products we calculated the ranges and dE/dx for the most impor-281 tant ion species produced in the annihilation process [25] . As mentioned in sec. 2.2, fig. 3 shows 282 the deposited energies and fig. 4 shows the corresponding ranges. For heavy ion species with low 283 energies, where the range is <14 µm, the total particle kinetic energy is expected to be deposited 284 in the detector. Table 3 . Clusters which are identified as having one or more tracks. Clusters marked with a letter are shown in fig. 22 . Seeds are here defined as pixels located at one end of the track(s) with pixel energy in excess of 1 MeV.
Comparison with Monte Carlo simulations 289
The Monte Carlo samples were generated separately for CHIPS and FTFP and consist of 3 million The signal in single pixels was obtained from the ionizing energy deposited by particles in the 299 geometrical volume covered by the pixel cell.
300
The clustering algorithm developed for the data analysis was also implemented in the simula-301 tions. Random gaussian noise was included as well, with the same RMS obtained from the data.
302
As simulations of antiproton annihilations have not yet been validated at low energies, we present 303 a comparison between data and simulations for an energy range of 0-25 MeV of energy released in 304 the detector. Fig. 25 shows a comparison between data and simulation for the total cluster energy 
313
To verify the reliability of the simulations and its dependence on the chosen threshold cut, a 314 scan was performed in the range of 100-600 keV for the same parameters discussed above. The 315 cluster size distribution in fig. 27 shows a good description of data points with the FTFP model 316 (with a slight underestimation), while CHIPS systematically overestimates the cluster size to a 317 maximum of ∼ 30% at lower cut energies. The relative neutrality of the FTFP is explained with 318 the smaller overall cluster size that the model provides and considering that all the curves tend to 319 the same asymptotic value (2).
320
The E 1 /E tot distribution, with the exclusion of 1 pixel clusters, shows a good agreement be- 
Summary and Conclusions
329
We have successfully measured the first on-sensor annihilations of antiprotons in silicon using a 330 pixelated silicon imaging detector: an important milestone and the first step on the way to designing 331 a novel position sensitive detector for measuring the gravitational effect on antihydrogen. We also 332 performed the first validation of GEANT4 for low energy antiprotons. The main results are as 333 follows:
334
• Study of clusters from antiproton annihilations measuring:
335
-Cluster sizes ranging between 1 and 20 pixels, with a mean value of 2.77±0.048 with 336 the MIMOTERA pixel size (153 × 153 µm 2 , 14 µm thickness.)
